Kawasaki disease (KD) vasculitis is an acute febrile illness of childhood characterized by systemic vasculitis of unknown origin, and is the most common cause of acquired heart disease among children in the United States. While histological evidence of myocarditis can be found in all patients with acute KD, only a minority of patients are clinically symptomatic and a subset demonstrate echocardiographic evidence of impaired myocardial function, as well as increased left ventricular mass, presumed to be due to myocardial edema and inflammation. Up to a third of KD patients fail to respond to first-line therapy with intravenous immunoglobulin (IVIG), and the use of interleukin (IL)-1 receptor antagonist (IL-1Ra, anakinra) is currently being investigated as an alternative therapeutic approach to treat IVIG-resistant patients. In this study, we sought to investigate the effect of IL-1Ra on myocardial dysfunction and its relation to myocarditis development during KD vasculitis. We used the 
Introduction
Kawasaki disease (KD) is an acute febrile illness with systemic vasculitis of unknown etiology that afflicts young children, causing coronary artery aneurysms (CAA) or abnormalities in approximately 25% of untreated patients [1] . With high-dose intravenous immunoglobulin (IVIG) treatment, this number falls to ~5% [2] , but IVIG resistance is a growing problem, with approximately 25-30% of KD patients IVIG-resistant and thus at higher risk of developing CAA [3] [4] [5] . Therefore, alternative therapies, including blocking interleukin (IL)-1 signaling, are being investigated [6, 7] .
Although KD research and clinical practice has largely focused on the development of CAA during acute KD, and on long-term complications of coronary artery stenosis and ischemia [8, 9] , KD-induced myocarditis is more prevalent than CAA and occurs in almost all patients [10] [11] [12] [13] [14] . Indeed, histological evidence of myocarditis is found in all KD patients during the acute phase, irrespective of the presence of CAA [15] [16] [17] , and myocarditis may be a cause of early fatal KD cases [18, 19] .
Myocarditis is subclinical in the majority of KD patients, and those who are symptomatic may present with mild clinical, electrocardiographic or echocardiographic signs of ventricular dysfunction. Echocardiographic signs of myocarditis improve after the acute phase, particularly following IVIG therapy. Normalization of systolic function is typically observed over long-term follow-up, but more subtle abnormalities may persist and KD myocarditis can result in long-term sequelae [16, 20] .
The Lactobacillus casei cell-wall extract (LCWE)-induced murine model of KD vasculitis and coronary arteritis closely phenocopies the important histological and immune pathological features of the cardiovascular lesions seen in human KD vasculitis (i.e. coronary arteritis, coronary stenosis, aortitis, myocarditis and aneurysms) [21] [22] [23] . We have previously shown that NLRP3 inflammasome, caspase-1 activation and IL-1β are required for vasculitis and coronary arteritis and myocarditis in this model [21, 24, 25] , and that pretreatment with the IL-1 receptor antagonist (IL-1Ra, anakinra) significantly inhibits the development of coronary vascular inflammation as well as myocarditis [21] . These studies, together with human data on the emerging key role of IL-1β in the pathogenesis of KD, have recently led to two Phase II clinical trials of anakinra therapy in IVIG-resistant KD patients (NCT02179853, NCT02390596) [6] . Indeed, several observations suggested that IL-1 plays an important role in KD patients [6] . The IL-1 pathway is up-regulated in children with KD compared to pediatric febrile controls, as demonstrated by increased transcript abundance in acute peripheral blood mononuclear cells (PBMCs) as well as plasma proteins, as reviewed in [6] . Elevated levels of IL-1 have been reported in acute KD patients and have been correlated with vascular endothelial cell damage, and IVIG treatment was associated with a decrease in IL-1, but levels remain elevated in refractory patients [26] . Furthermore, there are several case reports of safe and successful use of IL-1Ra (anakinra) in otherwise nonresponsive KD patients [27] .
However, the features of acute myocardial mechanical dysfunction have not been previously investigated in the LCWE-induced or any other mouse model of KD vasculitis. Here, we show that similar to what is observed in children with KD, myocardial dysfunction and increased left ventricular mass occur in the LCWE-induced KD vasculitis murine model, and these features are significantly inhibited by the IL-1Ra.
Material and methods

Preparation of L. casei cell wall extracts (LCWE)
LCWE was prepared as previously described [24, 28] . Briefly, L. casei was grown for 48 h, harvested and washed with phosphate-buffered saline (PBS). Bacteria were disrupted with 4% sodium dodecyl sulphate (SDS) and cell wall fragments were washed with PBS and sonicated in a dry ice-ethanol bath for 2 h. Cell wall fragments were then centrifuged for 20 min at 11,000 g, the supernatant collected and subsequently centrifuged for 1 h at 180,000 g and 4°C, and the pellet was discarded. The total rhamnose content of the cell wall extract was measured by colorimetric phenol-sulfuric assay, as described previously [24, 28] .
KD vasculitis mouse model and treatment protocols
All animal experiments were performed under protocols that had been approved by the Institutional Animal Care and Use Committee at Cedars-Sinai Medical Center and Texas Biomedical Research Institute. Four-to 5-week-old male C57BL/6 WT mice (Jackson Laboratory, Bar Harbor, ME, USA) were injected intraperitoneally (i.p.) with a single dose of 500 μl LCWE to induce KD vasculitis. PBS was given to control mice. Mice were euthanized at different time-points depending on the experimental design, perfused with PBS containing heparin. Human IL-1 receptor antagonist (IL1Ra, anakinra, 25 mg/kg; Swedish Orphan Biovitrum AB, Stockholm, Sweden) was given daily i.p. from day -1 before LCWE injection to day 5. Tissues were harvested at different time-points, embedded in optimal cutting temperature compound (OCT) for further histopathological analysis, and heart vessel inflammation scoring of the coronary arteries, aortic root vasculitis and myocarditis severity scoring were assessed by a blinded pathologist, as described previously [21] .
N-terminal pro B-type natriuretic peptide (NT-proBNP) serum quantification
Serum samples from PBS, LCWE-injected and LCWEinjected mice pretreated with IL-1Ra were collected 2 weeks post-LCWE injection and used to quantify NT-proBNP levels with a murine NT-proBNP enzyme-linked immunosorbent assay (ELISA) kit (MBS2501591; myBiosource, San Diego, CA, USA), following the manufacturer's instructions. Optical densities were read on a SpectraMax M2 spectrometer with SoftMaxPro version 5.2. software (Molecular Devices, San Jose, CA, USA).
Magnetic resonance imaging (MRI)
Each cohort (days 0, 7, 14 and 35) was scanned via a 9.4T Bruker's Biospin magnetic resonance imaging (MRI) system to assess ejection fraction by a blinded MRI technician. For each scan, a tripilot sequence from the Bruker's paravision system was implemented for the localization of the mouse heart. Next, several IntraGateFLASH sequences were performed for the leftventricle imaging. Five to six sequential 1-mm slices were then analyzed in order to span the entire heart from bottom to top, with clear demonstration of ventricular dilation and contraction with a frame rate of 10 frames/s. To measure cardiac function, left ventricular chamber area outlined by the endocardial border for each slice at end-diastole and end-systole was measured. Left ventricular end-diastolic volume was calculated as (LV-EDV) = Σ LV volume per slice at end-diastole and the LV end-systolic volume (LV-ESV) = ΣLV volume per slice at end-systole. Ejection fraction (EF) was calculated as (LV-EDV−LV-ESV)/LV-EEV. End-point ejection fraction, diastolic volume and systolic volume were obtained at days 0, 7, 14 and 35 after LCWE injection in five mice and another five mice also pretreated with IL-1Ra for each group.
Echocardiography
Serial echocardiography was performed and interpreted according to standard protocols by a blinded investigator. Briefly, animals were anesthetized with isoflurane. Echocardiographic images were obtained with a Vevo 2100 ® system (Visualsonics, Inc., Toronto, Canada) equipped with a MS400 linear array transducer (30 MHz). The transducer was positioned in a stationary stand perpendicular to the mouse. A frame rate of > 200 frames per minute was maintained for all B-and M-mode images. Measurements of ejection fraction, shortening fraction, end-diastolic and -systolic volumes, interventricular and left posterior wall thickness, left ventricular internal dimension and left ventricular mass/body weight were obtained at weekly intervals from day 0 until day 42 in male 4-week-old mice injected with either PBS, LCWE or LCWE with IL-1 receptor antagonist anakinra treatment.
Statistical analysis
All data are presented as mean ± standard error of the mean (s.e.m.). No randomization was used in this study. Statistical significance was determined using either oneway analysis of variance (ANOVA) or two-way ANOVA with post-test analysis for multiple group comparison involving one or two independent variables, respectively. Significant differences were defined at a P < 0·05. All statistical analysis were performed with Graphpad Prism software.
Results
Pretreatment with IL-1Ra prevents coronary, myocardial inflammation and increased serum levels of NT-proBNP in LCWE-injected mice
We assessed the development of LCWE-induced coronary arteritis and myocardial inflammation in mice at days 7, 14 and 35 post-LCWE injection (Fig. 1a-d) . LCWEinjected mice displayed pronounced coronary and myocardial inflammation associated with acute and chronic cellular infiltration at all time-points (Fig. 1b-d) . Intense inflammation around the coronary arteries was observed, in some cases to the extent of complete coronary occlusion (Fig. 1b) . Importantly, the coronary inflammation in LCWE-injected mice decreased over time (Fig. 1c,d) , consistent with the evolution of the disease from an acute to a post-acute phase with vascular remodeling, similar to human KD [29, 30] . Elevated serum levels of N-terminal prohormone brain natriuretic peptide (NT-proBNP) are associated with increased intracardiac pressure and myocardial stress [31] , as well as with worsening heart failure [32] . Accordingly, serum levels of NT-proBNP were significantly higher in LCWEinjected KD mice compared with PBS-injected control mice (Fig. 1e) .
To establish the role of IL-1 signaling in the development of coronary and myocardial inflammation in this model, we pretreated mice with IL-1Ra daily for 1 week, beginning the day before LCWE injection (Fig. 1a) . In agreement with a previous report [21] , IL-1Ra pretreatment blocked LCWE-induced KD vasculitis, as demonstrated by a significant decrease in heart and myocardial inflammation (Fig. 1b-d) . IL-1Ra pretreatment also significantly prevented serum increase NT-proBNP increase in LCWE-injected mice (Fig. 1e) .
IL-1Ra treatment prevents myocardial dysfunction and ventricular enlargement in LCWE-injected KD mice
Myocarditis is ubiquitous in KD patients; myocardial dysfunction and left ventricular enlargement are also often observed [33] [34] [35] , and in some instances can lead to severe cardiac dysfunction and cardiogenic shock [36] . To determine whether IL-1Ra pretreatment also prevents myocardial dysfunction and left ventricular enlargement during LCWE-induced KD vasculitis, we performed MRI on LCWE-injected mice in the presence or absence of IL-1Ra pretreatment (Fig. 2a) . One week after LCWE injection, mice pretreated with IL-1Ra showed improved end-point ejection fraction, which remained significantly elevated compared with the control group for 5 weeks post-LCWE (Fig. 2b) . IL-1Ra pretreatment also significantly improved end-diastolic and end-systolic volume at 35 days post-LCWE injection (Fig. 2c,d) . Lastly, IL-1Ra pretreatment ameliorated the elevation in heart rate observed acutely following LCWE injection, as assessed by a higher number of beats per minute, which was also reduced with anakinra treatment (Fig. 2e) .
To confirm that LCWE-induced KD vasculitis is associated with myocardial dysfunction and left ventricular enlargement, we next performed weekly echocardiographic evaluations on LCWE-injected mice until day 42 post-LCWE injection (Fig. 3a) . Starting at 3 weeks post-injection, LCWE-injected mice demonstrated transient decreases in ejection fraction and shortening fraction compared with PBS control mice, and these changes were ameliorated in LCWE-injected mice pretreated with IL-1Ra (Fig. 3b, c) . LCWE-injected KD mice also began to demonstrate indications of increased left ventricular mass during the same time-frame, which was significantly prevented by IL-1Ra treatment (Fig. 3d) . End-systolic and end-diastolic volume (a) Schema of the study experimental design. Mice received either LCWE or LCWE with IL-1Ra, which was given daily for 6 consecutive days starting 1 day before LCWE injection. Heart tissues were harvested at the indicated time-points and heart inflammation was evaluated by hematoxylin and eosin (H&E) staining. (b) Representative H&E staining of heart sections from LCWE-injected mice with and without IL-1Ra treatment at 7, 14 and 35 days post-LCWE injection. Scale bars indicate 500 µm. (c,d) Vascular (c) and myocardial (d) inflammation score of untreated and IL-1Ra pretreated LCWE-injected mice. (e) Serum N-terminal-prohormone B-type natriuretic peptide (NT-ProBNP) levels of untreated and IL-1Ra pretreated LCWE-injected mice 2 weeks post-LCWE injection. Data are presented as mean ± standard error of the mean (s.e.m.); n = 5-9 mice per group. *P < 0·05, **P < 0·01 and ***P < 0·001 by one and two-way analysis of variance (ANOVA) with Tukey's post-test analysis.
were also increased in LCWE-injected mice compared to PBS control and IL-1Ra pretreated groups starting at day 14 post-LCWE injection, with end-diastolic volume changes being more pronounced and persistent following the acute phase, while end-systolic volume was elevated within early in the disease process (Fig 3e,f) . Notably, in humans, persistently increased end-diastolic volume has been described in KD patients as much as 12 months following disease onset [37] .
To further investigate the degree and nature of the left ventricular mass increase, we evaluated the changes in interventricular septum (IVS) and left ventricular posterior wall (LVPW) individually, as well as the ratio of the IVS to the LVPW (Fig. 3g-j ). An abnormal IVS/LVPW ratio can be seen in hypertropic cardiomyopathy and also can be seen after myocardial infarct [38] , whereas a preserved ratio indicates diffuse thickening as may be seen in edema. Here, we found that in LCWE-injected mice, both IVS and LVPW demonstrated increase in thickness, but the ratio of IVS to LVPW was preserved (Fig. 3g-j) . However, we did not specifically look at histological analysis of tissue edema.
Our results demonstrate that, similar to human KD, LCWE-induced KD vasculitis in mice is also associated with myocarditis and myocardial dysfunction with ventricular enlargement. We also show by using both MRI and echocardiographic techniques that pretreatment with the IL-1Ra not only prevents coronary and myocardial inflammation during the acute phase of LCWE-induced KD vasculitis, but also blocks the acute and long-term myocardial dysfunction and ventricular enlargement in this model.
Discussion
The dramatic nature of CAA in KD has traditionally overshadowed the potential importance of the concomitant myocarditis that is present in almost all patients [39] . However, KD-induced myocarditis and its potential longterm complications are now attracting increasing attention by clinicians and researchers [16, 20, 40, 41] . The development of myocarditis during the acute phase of KD is a universal histological finding, and can occur in the absence of coronary artery abnormalities. The presence of Heart rate (beats per minute; bpm) measurement in phosphate-buffered saline (PBS) control mice, LCWE-injected mice and LCWE-injected mice pretreated with IL-1Ra at 7 days post-LCWE-injection. Data are presented as mean ± standard error of the mean (s.e.m.); n = 5-9 mice per group. *P < 0·05, **P < 0·01 and ***P < 0·001 by one and two-way analysis of variance (ANOVA) with Tukey's post-test analysis. , where n = 8 mice per group. Statistics are comparing LCWE-injected versus LCWE-injected IL-1Ra pretreated mice. *P < 0·05, **P < 0·01 and ***P < 0·001 by two-way analysis of variance (ANOVA) with Tukey's post-test analysis. myocarditis in KD acute phase is supported by pathology, biopsy, nuclear imaging, echocardiography, magnetic resonance and serum biomarker studies.
While only a minority of patients are clinically symptomatic [16] , in many children with acute KD echocardiography studies show depressed shortening fraction, increased end-systolic and end-diastolic dimension strain abnormalities as well as diastolic dysfunction [33, 42] . Increased left ventricular mass, believed to indicate cardiac edema, is also seen in patients with acute KD diagnosis prior to IVIG treatment [34, 35] .
Following IVIG treatment, most patients do not demonstrate significant mechanical dysfunction, although subclinical dysfunction can be detected which may persist for 1-3 months [43] , and there is now growing evidence that ongoing myocardial abnormalities may occur [14] . Children with subclinical myocardial complications during acute KD display long-term cardiovascular complications, such as lower myocardial flow reserve and higher total coronary resistance [41, 44, 45] , and potentially both longterm subclinical diastolic dysfunction [16] and a persistently increased end-diastolic volume many months after acute KD [37] . However, despite these descriptions of diastolic dysfunction, conclusive evidence of long-term changes in shortening or ejection fraction is lacking, and physicians are not directed to follow these indices in KD patients [46, 47] .
Recent insights gained from clinical and transcriptome data from KD patients, as well as experimental data from the LCWE-induced mouse model of KD vasculitis, have provided strong evidence for the critical role of the IL-1β signaling pathway in the development of cardiovascular pathologies induced by KD [6] . We have shown that pretreatment with IL1Ra prevents coronary arteritis and vasculitis, as well as myocarditis, in the LCWE-induced KD vasculitis mouse model [21] . A limitation of the present study is the preventive administration of IL-1Ra, which was given 1 day before LCWE injection. Importantly, IL-1Ra has been shown to decrease LCWE-induced coronary lesions when administered up to 3 days after LCWE injection [21] . Therefore, it is tempting to suggest that if IL-1Ra was injected during the first 3 days after LCWE injection, it may also block the long-term cardiovascular consequences of KD by inhibiting acute KD myocarditis and cardiac dysfunction. Blocking tumor necrosis factor (TNF)-α in the LCWE-injected mice significantly decreases vascular inflammation and incidence of coronary arteritis, but had modest effects on preventing myocarditis development [21, 48] . Importantly, IL-1Ra treatment was more efficient in limiting both coronary artery and myocarditis development [21, 25, 49] . The significance of myocarditis during acute KD for post-inflammatory myocardial fibrosis has not been adequately studied [16] . Therefore, it was of great interest to observe that IL-1Ra was able to reduce both coronary arterial and myocardial inflammation in the experimental KD vasculitis mouse model. This is particularly important, as recent studies have established the beneficial role of IL-1 blockade to treat myocarditis and heart failure [50] [51] [52] , as well as dilated cardiomyopathy [53] and pericarditis secondary to Erdheim-Chester disease [54] .
Here, we showed that the myocarditis present in this experimental KD model is also associated with cardiac dysfunction, including decreased ejection fraction and increased left ventricular mass, similar to features reported in children with KD [34, 55, 56] . In the present study, we show for the first time, to our knowledge, that IL-1Ra is able to significantly improve the myocardial mechanical dysfunction as measured by both MRI and echocardiography. The efficacy of IL-1Ra treatment for cardiac dysfunction of KD is expected, given the correlation of myocardial dysfunction with myocarditis [57] and the beneficial effect of IL-1Ra on LCWE-induced KD myocarditis [21] .
Rarely, children present with Kawasaki shock syndrome and hemodynamic instability as a result of decreased systolic function and vasoplegia. These cases are often partially refractory to inotropic support and demonstrate impaired systolic and diastolic mechanical function with significantly decreased ejection fraction [16, 33, 36] . These patients have an increased degree of systemic inflammation, a greater incidence of valvulitis (manifesting as valve regurgitation), a significantly higher rate of IVIG resistance and overall a greater incidence of coronary abnormalities [36] . It is tempting to speculate that this subset of patients may have significantly higher circulating levels of IL-1β levels, which may contribute to the depressed myocardial function leading to shock as well as to IVIG resistance, and future studies should investigate the role of IL-1Ra in these KD patients.
The finding of increased thickness of IVS and LVPW and preserved IVS/LVPW ratio are notable in this experimental model, as these features are also seen in human patients with KD [55] . While the changes in LVM described in other human studies are calculated from IVS and LVPW, Lee et al. [55] evaluated schoolaged children with past Kawasaki disease and provided a detailed review of all parameters, showing increases in both IVS and LVPW in a similar fashion as we see in the mouse model.
In summary, while IL-1Ra is now in two Phase II clinical trials in IVIG-non-responsive acute KD patients, our findings indicate a potential benefit of IL-1 receptor blockade on the long-term cardiovascular consequences of KD by inhibiting acute KD myocarditis and cardiac dysfunction. These observations further support that interventions blocking IL-1β and its receptor could be more broadly utilized as a front-line agent to treat KD, a concept that is now readily entertained [6, 7] .
